Introduction

21
The aldol reaction is one of the most important reactions for the convergent generation of C-C bonds.
[1] This transformation is operative in biochemical processes, type I and II aldolases being the main representative enzymes.
[2] Although it has been known since 1971-1974 that l-proline
26
(l-Pro) can catalyze intramolecular aldol reactions, [3, 4] the 2000 report by Barbas and List [5, 6] of intermolecular aldol reactions catalyzed by l-Pro prompted an impressive upsurge of work on this reaction. [7] The term organocatalysis, explicitly mentioned by MacMillan [8] in a paper also pub-31 lished in 2000, contributed to placing these reactions in a well-defined and readily identifiable category. Thus, dif-1 esters yield opposite enantiomers in aldol reactions between cyclic ketones and aromatic aldehydes. The combined results reported in this study show subtle and remote effects that 16 determine the organocatalytic behavior of these synthetic but readily available amino acid derivatives. These data can be used as design criteria for the development of new pyrrolidine-based organocatalysts.
ferent organocatalysts have been tested in aldol reactions; [9] they include natural amino acids [10] such as histidine, [11] serine, [12] threonine, [12, 13] tryptophan, [12, 14] alanine, [15] and iso-36 leucine. [16] Of these natural amino acids, l-Pro (and its derivatives) has emerged as the most widely used organocatalysts for the aldol reaction. Trost and Brindle, [17] in their comprehensive review published in 2010, reported around 45 l-Pro derivatives that are able to catalyze aldol reactions.
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It is relevant to note that in all these cases the stereochemistry of the major aldol adducts was found to be the same: namely, that associated with the (2S,1ЈR) configuration in the new chiral carbon atoms (Scheme 1). Scheme 1. Stereochemical outcome observed in aldol reactions catalyzed by l-Pro derivatives.
The mechanism and origin of the stereocontrol of l-Pro-46 catalyzed aldol reactions have been studied both experimentally [18] and computationally. [19] The generally accepted mechanism is shown in Figure 1 . According to this catalytic cycle, the first stage of the reaction involves the formation of enamine intermediates of type INT1, a process that can 51 be promoted by acidic protons present in the starting amino acid or in the reaction medium. [20] These intermediates have
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been characterized spectroscopically [21] and by X-ray diffraction analysis. [22] Figure 1. General catalytic cycle of aldol reactions catalyzed by lproline derivatives. Unless otherwise indicated, the possible substituents at the different positions have not been specified.
Formation of the new C-C bond takes place during the 56 second stage of the reaction (Figure 1 ), giving rise to iminium intermediates of type INT2. Once again, when l-Pro is used, the carboxy group provides the proton required to enhance the electrophilicity of a carbonyl compound 2. The overall arrangement of the transition structures of type
61
TScc associated with this stage, usually referred to as the Houk-List model, [23] shows a chair-like shape in which the Zimmerman-Traxler [24] arrangement is extended to form a cyclic transition structure involving the carboxy group of the organocatalyst. Finally, the iminium intermediate of 66 type INT2 is hydrolyzed to release the aldol 3 and the organocatalyst 4, thus completing the catalytic cycle (Figure 1) . It is important to note, however, that the HoukList model relies on the presence of an acidic residue in the organocatalyst. When other functional groups such as ester, 71 amido, amino, etc. [7b,7g] ((Ͻ=Author: change ref 7f-Ͼ7g correct??)) are present instead of the carboxylic acid, acidic additives or protic substituents are usually required. Although the origins of stereocontrol in these cases are far from being fully understood, computational studies 76 on selected systems [19a] have shown that transition structures closely related to the Houk-List model are compatible with the observed stereochemical outcomes.
According to this conceptual framework, the stereochemistry of the reaction is determined by the l configura-81 tion of the amino acid and the distal (anti) conformation of the enamine double bond with respect to the carboxy group.
[23] Therefore, it is not surprising that l-Pro derivatives yield the same enantiomers in reactions of this kind.
2
To the best of our knowledge, no structure-activity rela-86 tionship studies on the organocatalytic properties of synthetic densely substituted l-proline derivatives have been reported to date. These compounds show great promise in the field and are easily accessible because the 2-alkoxycarbonylpyrrolidine scaffold can be formed in a single step 91 through [3+2] cycloaddition between readily available π-deficient alkenes and azomethine ylides generated in situ. [25] Recently, we have reported new ferrocenyl-containing proline catalysts that are able to yield both endo-and exo-l-4-nitroproline esters with high enantiocontrol. [26] We also
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showed that the exo cycloadducts are able to catalyze the aldol reaction efficiently. [26] Here we compare the performances of l-4-nitroproline esters and acids featuring different substitution patterns and stereochemical configurations as organocatalysts in the aldol reaction. The ultimate goal of 101 this research is to provide design criteria for organocatalysts based on unnatural proline esters obtained directly through fully stereocontrolled [3+2] cycloadditions.
Results and Discussion
Preparation of Unnatural Proline Organocatalysts
106
We prepared different l-4-nitroproline esters through asymmetric 1,3-dipolar cycloaddition reactions between different dipolarophiles and azomethine ylides formed in situ from the corresponding imines (Scheme 2 and Scheme 3). The reactions were catalyzed by enantiopure 5-111 ferrocenyl-4-nitroprolines l-5a and d-5b or phosphoramidite (S a -R,R)-6, previously developed and tested as catalysts for reactions of this type by the San Sebastián-Donostia [26] and Alicante [27] groups, respectively (Scheme 2).
Scheme 2. Catalysts used in the synthesis of unnatural l-prolines 4.
By use of glycine iminoesters 7a-f as precursors of azo-116 methine ylides, nitroalkenes 8a-c as dipolarophiles, and l5a, d-5b, or (S a -R,R)-6 as catalysts, endo-and exo-l-4-nitro- proline esters 4aa-ec were obtained (Scheme 3). In all cases, good yields and high optical purities were achieved. [26] When R 1 was a secondary alkyl group, such as cyclohexyl,
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the desired cycloadducts were not formed. However, in the case of R 1 = tert-butyl, exo-l-4fa was obtained with high enantiomeric excess. When N-methylmaleimide (9d) was used as the dipolarophile in the presence of d-5b as a catalyst, endo-l-4ad was isolated (Scheme 4). Unfortunately, im-126 ine 7h, derived from l-phenylalanine methyl ester, gave poor enantiomeric excesses in the presence of either l-5a or d5b. However, a catalytic amount of phosphoramidite (S a -R,R)-6 promoted the formation of exo-l-4ha as the sole enantiomer (Scheme 4).
[27] This catalyst was also effective 131 in the preparation of exo-l-4ia from imine 7i. Therefore, our previously reported methodologies, [26, 27] provided a convenient route to cycloadducts endo-and exo-l-4aa-ga as enantiopure compounds in high yields from easily or commercially available reactants (7, [28] 8, and 9) in the pres-
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ence of readily accessible catalysts (Scheme 2). Such cycloadducts were isolated in useful quantities for subsequent evaluation as organocatalysts. With the aim of further increasing the stereochemical diversity of the l-4-nitroproline cycloadducts for testing as 141 organocatalysts, the [3+2] cycloaddition reaction starting from imine 7a and β-nitrostyrene (8a) was carried out in the presence of silver acetate and triethylamine. In this case, a mixture of racemic endo-, exo-, and exoЈ-rac-4aa cycloadducts was obtained (Scheme 4), from which the minor iso-146 mer exoЈ-rac-4aa was separated by column chromatography on silica gel. This racemic compound was then subjected to preparative resolution by HPLC with a chiral column, which allowed the isolation of exoЈ-l-4aa and exoЈ-d-4aa in optically pure form (see the Supporting Information). As-151 signment of the absolute configurations of the resolved enantiomers was carried out by transformation of the firsteluting enantiomer (exoЈ-l-4aa) into the corresponding N-(4-bromobenzoyl) derivative exoЈ-l-10aa (Scheme 4) and resolution of the crystalline structure of this compound by 156 X-ray diffraction analysis. [29] 
/KAP1
Date: 24-02-15 15:21: 
FULL PAPER
Kinetic Studies
In order to assess the organocatalytic activity of the synthesized unnatural proline esters l-4, we chose as a case study the aldol reaction between cyclohexanone (1a) and 161 pentafluorobenzaldehyde (2a) . In principle, four isomeric adducts 3aa can be expected for this reaction (Scheme 5).
Scheme 5. Model aldol reaction to assess the organocatalytic activity of cycloadducts 4. Descriptors o, m and p denote ortho, meta and para positions with respect to the carbaldehyde group.
Preliminary studies [26] showed that 2a is quite electrophilic, and therefore the progress of the aldol reaction in the presence of different organocatalysts can be monitored hyde 2a, formation of the major and minor adducts anti3aa and syn-3aa, respectively, can be observed. Moreover, transient formation of iminium intermediates INT2a (Scheme 1) can be detected under these conditions (Figure 2) .
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In order to monitor the presence of enamine intermediates of type INT1 (Scheme 1) by this method, at least one fluorine atom must be present in the catalyst. We therefore studied the same reaction in the presence of exo-l-4ea (Figure 3) . In this case, aside from the ensemble of signals be- with the broad signal corresponding to exo-l-4ea (Figure 3 ). These observations are compatible with the catalytic 191 cycle depicted in Figure 1 , because both enamine and iminium aldol intermediates were detected, the latter being more persistent. This suggests that, most likely, the hydrolytic step (stage III, Figure 1 ) is kinetically slower than the formation of the nucleophilic enamine.
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With this information, we undertook the determination of the kinetic constants associated with the 1a + 2a Ǟ 3aa reaction in the presence of different organocatalysts. Because the previously discussed 19 F NMR studies had suggested a kinetically complex profile, we decided to work un-201 der pseudo-first order conditions, with a 1a/2a ratio of 60:1. The apparent reaction rates were measured according to Equation (1). Table 1 .
Our results indicate that, for the different l-4aa stereoisomers tested, the catalytic activity order is exo Ͼ endo ϾϾ exoЈ. Therefore, although the configurations of the C2 and C5 positions contiguous to the N1 active site of the pyrrol-226 idine ring are identical in the three cases, the stereochemistry at the distal C3 and C4 atoms has a considerable effect on the rate of the aldol reaction. In particular, the relative cis configuration of the phenyl and nitro groups in exoЈ-l- l-4aa, endo-l-4aa, exoЈ-l-4aa, and endo-l-4ad . All reactions were monitored under pseudo-first order conditions at 25°C by 4aa results in a significantly lower kinetic constant (Table 1 , 231 Entry 4).
In order to confirm this result with an endo-cycloadduct possessing cis substituents at C3 and C4, we measured the k obs value for endo-l-4ad and also observed a relatively low kinetic constant (Table 1 , Entry 5). Therefore, we conclude 236 that a cis relationship between the substituents at C3 and C4 results in a lower organocatalytic activity. It is also noteworthy that exo-l-4aa retains a significantly high k obs value with a catalytic load of 5 mol-% (Table 1, Entry 2).
In order to assess the role of TFA in general or specific 241 co-catalytic schemes [30] we measured the values of k obs for the 1a + 2a Ǟ 3aa reaction catalyzed by exo-l-4aa in the presence of different TFA concentrations. The results are collected in Table 2 , in which we have included the k obs value in the absence of acid. This value ( l-4aa, endo-l-4aa, exoЈ-l-4aa, and endo-l-4ad in the 1a + 2a Ǟ 3aa reaction. [a,b] [a] Pseudo-first order constants calculated by application of Equation (2) with a 1a/2a ratio of 60:1.
[b] All reactions were monitored by 19 F NMR at 25°C.
was found to be two to three orders of magnitude lower than those observed when TFA was added ( Table 2 could be described by Equation (3) .
In Equation (3) (3) approaches to a zeroslope profile in the form k obs -k 0 ≈ A, which would be associated with a maximum k obs -k 0 value.
A double reciprocal treatment [31] of the data in Table 2 revealed a good linear regression (r 2 = 0.996) with A = 271 47.40 ϫ 10 -4 and B = 95.10, as can be seen in Figure 5 . This result confirms that the hypothesis proposed in Equation (3) is reasonable for the concentrations tested in our experiments. A possible interpretation of these results is that, despite the complex, multistep mechanism required for 276 the catalysis of these aldol reactions, at catalytic concentrations the proton transfer to the oxygen atom of the aldehyde is involved in the rate-limiting step. At higher concentrations of TFA, protonation of the aldehyde occurs prior to the step associated with the formation of the C-C bond, 281 the protonated aldehyde being the effective electrophile. Table 2 .
Kinetic isotope effects (KIEs) were measured for the 1a + 2a Ǟ 3aa reaction catalyzed by exo-l-4aa. The results are collected in Table 3 . When the reaction was performed in the presence of α,α,αЈ,αЈ-tetradeuterated cyclohexanone 1a-286 d 4 , a KIE of 2.68 was observed (Table 3 , Entry 1). This value is between the KIE reported for the nornicotin-catalyzed aldol reaction between acetone and 4-nitrobenzaldehyde, for which Janda et al.
[32] measured a KIE of 3.0 in the presence of D 2 O, and the KIE ≈ 2 found by Blackmond 291 et al. [33] for the l-Pro-catalyzed reaction between [D 6 ]acetone and 3-chlorobenzaldehyde.
Organocatalytic Aldol Activity of Unnatural Proline Esters [a] All reactions were conducted in neat 1a at 25°C with a 1a/2a ratio of 60:1. Reference value: k H = 11.29 ϫ 10 -4 (Ϯ 0.30) (see Table 1 ).
[b] Errors were calculated from standard deviations of the rate constants according to ref. [34] In the presence of N-deuterated exo-l-4aa, a significant normal KIE was detected (Table 3 , Entry 2). When the acidic position of TFA was deuterated (Table 3 , Entry 3)
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we were unable to measure any noticeable KIE within the experimental error. In line with these two results, deuteration of the acidic positions of both exo-l-4aa and TFA resulted in a normal KIE similar to that found when only the NH-site of exo-l-4aa was deuterated (Table 3 , Entries 2 and 301 4). Finally, deuteration at the four α-positions of 1a and of the acidic sites in exo-l-4aa and TFA resulted in a KIE of 3.57 (Table 3 , Entry 5), a value larger than that measured in the presence of 1a-d 4 .
In summary, from the experiments reported in Table 3 306 we conclude that the observed KIE for the deuterated nucleophile is the outcome of a tradeoff between the large normal primary KIE associated with the formation of the enamine intermediate (Figure 1 , stage I), the inverse secondary KIE expected for the C-C bond-forming step (Fig-311 ure 1, stage II), and the normal primary KIE associated with the hydrolysis of the iminium aldol adduct (Figure 1 , stage III), in the presence of enolization equilibria under general acid catalysis conditions within the 30 mol-% range (see Table 2 ). We can also conclude that stage II, associated 316 with the formation of the C-C bond and hence with the stereocontrol of the aldol reaction, cannot be considered the rate-limiting step.
The diastereo-and enantioselectivities observed for the 1a + 2a Ǟ 3aa reaction catalyzed by the three l-4aa cyclo-321 adducts were also measured, and the results are included in Table 4 . In the case of exo-l-4aa, an excellent anti selectivity was observed. A catalytic load of 5 mol-% was not detrimental in terms of stereocontrol and chemical yield (Table 4 , Entries 1 and 2). In addition, the enantiomeric ex-326 cess (ee) was slightly better at -15°C (Table 4 , Entry 3). When acetic acid and 4-nitrobenzoic acids were used as additives in the presence of exo-l-4aa (Table 4 , Entries 4 and 5), the measured ee values were slightly lower than those obtained with TFA, thus confirming the superior perform-331 ance of this last additive, not only in terms of kinetic acceleration (vide supra), but also in terms of stereocontrol. Cycloadducts endo-l-4aa and endo-l-4ad gave good syn/anti diastereocontrol and chemical yields (Table 4 , Entries 6, 7, and 9) . Surprisingly, the sense of chiral induction of endo-336 l-4aa, exoЈ-l-4aa, and endo-l-4ad was found to be the opposite of that observed for exo-l-4aa. This unexpected result is discussed later on. Finally, it is worth noting that exoЈ-l-4aa and endo-l-4ad, with cis substituents at C3 and C4, give poor enantiocontrol, the former also showing a 341 low syn/anti diastereoselectivity (Table 4 , Entries 8 and 9). Therefore, these two compounds are not convenient in terms of organocatalytic activity (vide supra) and stereocontrol. Table 4 . Stereocontrol and chemical yields observed [a] in the 1a + 2a Ǟ 3aa reaction catalyzed by cycloadducts exo-l-4aa, endo-l-4aa, exoЈ-l-4aa, and endo-l-4ad in the presence of TFA (30 mol-%).
Entry Cat.
T Cat. load anti/syn [b] Yield [c] ee [d] [ [26] [f] Acetic acid was used as additive.
[g] 4-Nitrobenzoic acid was used as additive.
We also investigated the effect of including para-substitu-346 ents on the 3,5-diphenyl groups of exo-l-4aa. To this end, the behavior of cycloadducts exo-l-4ea-dc was analyzed. The results are reported in Table 5 . All these compounds provided satisfactory chemical yields and anti/syn diastereoselectivities. Interestingly enough, these effects do not seem 351 to be additive, because neither two fluorine atoms (Table 5 , Entry 5) nor one methoxy and one fluorine substituent (Table 5 , Entry 6) produced k obs values higher than those obtained with the monosubstituted cycloadducts. Despite the modest acceleration observed with respect to exo-l-4aa, 356 the measured enantiomeric excesses were found to be slightly lower than those found for the parent catalyst.
We next explored other substitution patterns in cycloadducts exo-l-4. In Table 6 we report the results obtained with respect to l-Pro. We observed that the free amino acid 361 exo-l-4Јaa, obtained by hydrolysis of methyl ester exo-l4aa (Scheme 3), retains the anti/syn diastereoselectivity and the sense of enantioselection, although with a slightly lower enantiomeric excess and chemical yield (Table 6 , Entry 3). In the case of endo-l-4Јaa (Table 6 , Entry 3), the ee has the 366 same sign as observed with the naturally occurring l-Pro Table 5 . Pseudo-first [a] order kinetic constants (k obs ), chemical yields, [b] and enantiomeric excesses (ee) [c] ( Table 6 , Entry 1). This change in the sense of chiral induction is discussed in more detail below. The presence of an alkoxy group bulkier than a methoxy group (compound exo-l-4ba, Table 6 , Entry 4) also resulted in a lower ee and 371 chemical yield. This detrimental effect was more pronounced in the case of a 2-naphthyl group at C5 (compound exo-l-4ca, Table 6 , Entry 5). Finally, we found that either a quaternary group at C2 or a tert-butyl group at C5 (compounds exo-l-4ha, exo-l-4ia, and exo-l-4fa) resulted 376 in an almost complete loss of organocatalytic activity (Table 6 , Entries 6-9). Therefore, the substitution patterns included in Entries 4-9 of Table 6 should be avoided in the development of other catalysts based on this scaffold. We also tested the stereoselectivity and catalytic effi-381 ciency of selected compounds 4 in the absence of any acid additive. The results are reported in Table 7 and indicate that under these conditions the reaction times required for esters exo-and endo-l-4aa are much longer (Entries 1 and 2). In addition, the ee values are considerably lower, al-
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though the sense of induction was that obtained in the presence of TFA or other acids. In the case of acids exo-l-4Јaa and endo-l-4Јaa (Entries 3 and 4) the reaction times were considerably shorter than those observed with the corresponding esters. In addition, the ee values were also lower 391 than those achieved with the corresponding esters in the presence of TFA (Table 6 , Entries 2 and 3). However, it is noteworthy that the sense of chiral induction of these compounds is the same as observed for the corresponding esters in the presence of TFA. These results confirmed that the Table 6 . Stereocontrol and chemical yields observed [a] in the 1a + 2a Ǟ 3aa reaction catalyzed by l-Pro and by substituted exo-l-4 cycloadducts (30 mol-%) in the presence of TFA (30 mol-%).
[a] All reactions were monitored for 24 h, with a 1a/2a ratio of 60:1. Organocatalytic Aldol Activity of Unnatural Proline Esters stereocontrol, reaction rate, and preparative simplicity of the synthetic organocatalysts. Table 7 . Stereocontrol and chemical yields observed [a] in the 1a + 2a Ǟ 3aa reaction catalyzed by substituted exo -and endo-l-4aa, exo-l-4Јaa , and endo-l-4Јaa cycloadducts without acidic additives.
[a] All reactions were monitored at 25°C with a 1a/2a ratio of 60:1 until 99 % conversion. 
Stereoselectivity of Organocatalysts exo-L-4aa and endo-L-
4aa
In Table 4 we reported that exo-l-4aa yields the aldol adduct (2R,1ЈS)-3aa as the major stereoisomer of the 1a + Table 8 . Stereocontrol and chemical yields observed [a,b] in the 1a-c + 2a-f Ǟ 3ab-ca reactions (Scheme 6) catalyzed by cycloadducts exol-4aa and endo-l-4aa. 2a Ǟ 3aa reaction, with 92 % ee at -15°C. In contrast, endol-4aa yields (2S,1ЈR)-3aa as the major adduct, with 84 % ee 406 under the same reaction conditions. The latter adduct is the enantiomer obtained in the presence of natural l-Pro (Table 6 , Entry 1). In order to explore the persistence of this enantiodivergent behavior for exo-l-4aa and endo-l-4aa, we studied different aldol reactions involving ketones 1a-c and 411 aldehydes 2a-f (Scheme 6). The results obtained are collected in Table 7 . Scheme 6. Aldol reactions between ketones 1a-c and aldehydes 2a-f catalyzed by endo-l-4aa and exo-l-4aa. Reagents and conditions: (a) organocatalyst (30 mol-%), TFA (30 mol-%), -15 or +25°C, 24 h (see Table 7 ).
Consistent behavior was observed for reactions between cyclohexanone (1a) and aldehydes 2a-f (Tables 4 and 8) . Thus, in the presence of organocatalyst exo-l-4aa, aldol ad-416 ducts (2R,1ЈS)-3aa-af were obtained with ee values of about 90 %. In comparison, use of endo-l-4aa provided the enantiomeric adducts (2S,1ЈR)-3aa-af as major isomers, with slightly lower enantiomeric excesses. Cyclopentanone
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(1b) was more reactive than 1a, but the enantiocontrol was 421 found to be much lower (Table 8 , Entries 11 and 12) . The stereoselectivity observed with cycloheptanone (1c) was also lower than that found with 1a, although the enantiocontrol was somewhat higher than that obtained for 1b (Table 8 , Entries 13 and 14) . Therefore, cyclohexanone ap-426 pears to represent a good compromise between reactivity and enantiocontrol in these reactions. From these results it is clear that the stereochemical behavior of exo-l-4aa-ec (see also Table 5 and Table 6 ) is exceptional and completely different from that observed for 431 l-Pro itself and other organocatalysts such as endo -l-4aa, exoЈ-l-4aa, and endo-l-4ad . In order to understand the reasons for this unexpected outcome, we decided to undertake a computational study of the model aldol reaction 1a + 2a Ǟ 3aa in the presence of exo-l-4aa and endo-l-4aa.
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According to the accepted model for this reaction, the stereochemically relevant step is C-C bond formation from the enamine intermediates of type INT1 and aldehydes 2. In the case of the 1a + 2a Ǟ 3aa reaction, the enamine intermediate can exist in two families of conformers INT1a and
441
INT1Јa depending on the s-cis or s-trans disposition, respectively, between the double bond of the enamine moiety and the methoxycarbonyl group (Scheme 7).
If we define the dihedral angle ω as ω = Ca-Nb-Cc-Cd (Figure 6 ), s-cis conformations will be obtained for ω values 446 between 0 and Ϯ75 deg., whereas s-trans conformations can be grouped for ω&epsis;(Ϯ95, Ϯ180). MM3 molecular dynamics (MD) simulations ( Figure 6 ) show different behavior of intermediates exo-INT1a and endo-INT1a, although in both cases both conformations are significantly popu-451 lated. Both MD and Monte Carlo simulations show a remarkable conformational rigidity in the pyrrolidine ring, with three substituents occupying equatorial positions and one being isoclinal. In contrast, the cyclohexenyl moiety is much more flexible. At the M06-2X(PCM)/6-31+G**// 456 B3LYP(PCM)/6-31G*+ΔZPVE level, exo-INT1a was calculated to be 0.4 kcal mol -1 less stable than the exo-INT1Јa conformer, whereas the reverse relative stability was found for the endo analogues (see Figure S5 in the Supporting Information). Therefore, from these analyses, no general ki-461 netic stereoselectivity trends can be envisaged for the aldol reaction in the presence of organocatalysts exo-l-4aa and endo-l-4aa.
If we consider the interaction pathways of the intermediate exo-INT1a, derived from exo-l-4aa with aldehyde 2a, in 466 principle these interactions can occur through both the nitro and methoxycarbonyl (X = Me) or carboxy (X = H) groups, as depicted in Scheme 7. In addition, depending upon the reaction conditions, the elementary step leading to the formation of the C-C bond can involve different Y- The chief geometric features and relative energies of saddle points exo-TS1-4 [M06-2X(PCM = cyclohexanone)/6-31+G**//B3LYP(PCM = cyclohexanone)/6-31G* 496 level of theory] are shown in Figure 7 . These transition structures show Houk-List geometries [23] in which three substituents of the pyrrolidine ring occupy equatorial positions in half-chair conformations and the methoxycarbonyl group, in general constrained by the hydrogen bond with 501 angle is closer to 180°in exo-TS1 and exo-TS4. The former saddle point, which is the transition structure of lowest energy, shows an s-cis conformation of the enamine moiety and an antiperiplanar conformation of this group with respect to the C 6 F 5 substituent, with φ = -174.1°, thus minim-511 izing the steric repulsion generated by the 5-phenyl group of exo-l-4aa. These features make exo-TS1 the least energetic transition structure associated with the C-C bond-forming step of the 1a + 2a Ǟ 3aa reaction in the presence of organocatalyst exo-l-4aa. This transition structure leads to anti- (Table 4 , Entries 1 and 2). It is worth noting that when X = H and Y = none, the corresponding Houk-List saddle point exo-TS1 is 0.8 kcal mol -1 lower in energy than its exo-TS4 analogue (see Figure S7 in lower ee for exo-l-4Јaa in the absence of TFA (Table 7 , Entry 4). The transition structures endo-TS1-4 associated with the 1a + 2a Ǟ 3aa reaction catalyzed by endo-l-4aa (Figure 8 ) 531 show non-optimal geometric features in all cases. Thus, endo-TS1-3 each show one axial and two isoclinal groups in the pyrrolidine ring, and only endo-TS4 is able to accommodate four equatorial substituents, but at the cost of a certain steric congestion between the C 6 F 5 group and the 536 equatorial phenyl group at C5 of the organocatalyst (Figure 8) . This tradeoff between unfavorable features might be responsible for the slightly lower catalytic activity observed for endo-l-4aa (Figure 4 and Table 1, Entry 3). The reverse enantioselectivity observed for this catalyst with respect to 541 exo-l-4aa is also compatible with the relative energies shown in Figure 8 . Saddle point endo-TS4 has suitable Bürgi-Dunitz and φ angles, the four substituents of the pyrrolidine ring being in equatorial positions. In addition, this transition structure can develop a strong hydrogen 546 bond between the OH group being formed and the methoxycarbonyl group. However, the s-trans conformation of the cyclohexenyl moiety imposes a close proximity between the C 6 F 5 group of the electrophile and the 5-phenyl group of endo-l-4aa. This unfavorable steric congestion does not 551 overcome the other favorable features of endo-TS4, thus making this stationary point, which leads to anti aldol Figure 7 . Chief features of transition structures exo-TS1-4 fully optimized at the B3LYP(PCM)/6-31G* level of theory. Bond lengths and angles are given in Å and deg., respectively. The dihedral angle defined by Ca, Cb, Cc, and Cd atoms is denoted φ. Numbers in parentheses correspond to relative energies (in kcal mol -1 ) computed at the M06-2X(PCM)/6-31+G**//B3LYP(PCM)/6-31G*+ΔZPVE level. Equatorial and isoclinal positions are denoted eq and iso, respectively.
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(2S,1ЈR)-3aa, the lowest-energy saddle point of this series. The calculated anti/syn ratio at 298 K is 97:03 and the ee for the anti aldols is Ͼ99 %. Once again, these results are in 556 qualitative agreement with the experimental data at 298 K [96:04 and 81 % (absolute value), respectively (Table 4, Entry 4)].
These combined experimental and computational data indicate that densely substituted proline-based organocata-561 lysts can show unexpected organocatalytic properties. Thus, aside from the geometric and stereoelectronic effects imposed by the Houk-List geometries, subtle remote effects stemming from conformational preferences in the pyrrolidinone ring can result in unique asymmetric induction ef- 
Conclusions
From the experimental and computational data reported in this study the following conclusions can be drawn: 571 (i) densely substituted unnatural proline esters, readily accessible through asymmetric [3+2] cycloadditions, can be used as efficient organocatalysts for aldol reactions, and methyl esters in the presence of TFA are superior to the corresponding acids in terms of accessibility, reaction rate, 576 and stereocontrol, (ii) in these systems, substituents at positions C3 and C4 of the pyrrolidine ring must be trans to each other, (iii) quaternary centers at C2 destroy the catalytic activity, (iv) aryl groups at C5 are preferable to alkyl groups, (v) bulky alkoxycarbonyl groups at C2 must be 581 avoided, (vi) the sense of induction of the organocatalysts depends on several factors (maximum number of equatorial substituents in the pyrrolidine ring, intramolecular hydrogen bonds, gauche disposition between the N-C=C and C=O bonds in the transition structure, and potential 586 steric clash between the substituent at C5 and the substituent of the aldehyde), and (vii) according to the balance of these factors exo-l-proline esters preferentially yield anti Tables 1, 2 , 3, and 5 were obtained from the NMR experiments and application of Equation (2). All KIE experiments reported in Table 3 were car-616 ried out in triplicate and subjected to further statistical treatment.
Molecular Dynamics:
The MD simulations of intermediates INT1a and INT1Јa were carried out with use of the MM3 forcefield [35] as implemented in the MacroModel package. [36] Calculations were performed with SHAKE [37] to constrain the C-H bonds. The tem-621 perature was set up to 298 K. The system was equilibrated for 1 ns with time steps of 1 fs. The production run was started from this point and lasted another 600 nanoseconds with time steps of 1 fs. In all cases we observed that during the production period the energy and temperature of the whole system were equilibrated. Dur-626 ing the production run, the coordinates of 500 structures were saved.
DFT Calculations: Density functional theory calculations were performed by use of the Gaussian 09 suite of programs.
[38] Full geometry optimizations and harmonic analyses were carried out by use 631 of the B3LYP hybrid functional [39] and the 6-31G* basis set. Solvent effects were computed by the PCM method [40] and with cyclohexanone as model solvent. Single-point energies were computed by use of the M06-2X functional [41] and the 6-31+G** basis set. Free energies were computed at 298. 15 
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